Introduction
Paper, a widely used information-recording material with long history, has been introduced into microfluidics field as an attractive substrate for microfluidic devices besides glass, polydimethylsiloxane (PDMS), poly(methyl methacrylate) (PMMA), etc., in recent years due to its extremely low cost, ubiquity, flexibility, and lightness. [1] The first assay on paper microfluidics much slower which produced microchannels with higher resolution ( Figure 2C ). [8b,11] Dungchai et al. developed wax screenprinting method for patterning microstructure on filter paper, in which solid wax was rubbed through a screen onto paper filters first and printed wax was melted into the paper using a hot plate to form hydrophobic barriers afterward ( Figure 2D ). [13] Olkkonen et al. introduced a method based on flexographic printing of polystyrene to form liquid boundaries on clean room paper and chromatography paper ( Figure 2E (i)). [14] The entire process involves only one step: flexographic printing of hydrophobic barrier regions onto the paper. This method could achieve the channel resolution down to 0.25 mm, as shown in Figure 2E (ii). Besides its simplicity and high resolution, a complete analytical device with required reagents could be fabricated in a single roll-to-roll process. Although the aforementioned methods proposed simple printing process, the resolution of microchannels was limited by the spreading of the ink over the paper. To overcome its limitation, Lessing et al. described the use of omniphobic "fluoralkylated paper" (R F paper) as a substrate for inkjet printing of aqueous inks which were the precursors of electrically conductive patterns. By controlling the surface chemistry of the paper, it is possible to print highresolution (≥20 µm) conductive patterns that remained conductive after folding and exposure to common solvents. [15] To www.advancedsciencenews.com www.advhealthmat.de improve the resolution, Chitnis et al. printed microstructures on paper with hydrophobic surface coating (e.g., parchment paper, wax paper, palette paper) by using the laser engraving system and the printed patterns could reach down to a minimum feature size of 62 µm. [16] 
Cutting and Shaping
Cutting is a straightforward and highly reproducible fabrication technique for paper microfluidic systems. Enabled by craft-cutting, omniphobic R F paper devices can be fabricated in less than 10 min with lateral dimensions of 45-300 µm. Though high resolution was achieved, the omniphobic R F paper was prepared from the reaction of cellulose paper with fluoroalkyl trichlorosilanes in the gas phase, which requires additional steps and reagents. [17] To simplify the fabrication process, Fang et al. used a common cutter to create flow paths on glass fiber membrane without using any other sophisticated equipment or organic solvents, in which the microchannel resolution can reach ≈137 µm. [18] Nie et al. reported a laser cutting method for microfluidic paper-based analytical devices (µPADs) fabricated by patterning hollow microstructures in paper. A commercially available, minitype CO 2 laser cutting/engraving machine was used in this method which included only laser cutting and the minimum size of channel could reach 500 µm. [19] Song et al. developed a tear-off method for patterning nitrocellulose membranes to improve the performance of point-of-care diagnostic biosensors. [20] The patterning process was shown in Figure 3A , which included paper template fabrication by knife plotter, solvent treatment, stamping, drying, and tearing-off steps. Yuen and Goral cut double-sided pressure sensitive adhesive (PSA) tape and water-impermeable paper to fabricate a cell culture microdevice by using a digital craft cutter. [21] Furthermore, the paper-based analytical devices, patterned with wax printer to form hydrophilic/hydrophobic barrier, were further processed with a razor blade by Giokas et al. [22] The transportation of fluid within the aforementioned device enabled both acceleration as well as delay without using pumps and the platform was applied to multiple and time-programmable assays. Whitesides and co-workers proposed a novel method to prepare open channels on paper-based microfluidics by using embossing and "cut-and-stack" methods, as shown in Figure 3B . [23] However, due to the surface roughness of paper, the fabrication resolution of this techniques is quite low. To overcome the limitation, Gao et al. reported a pseudopaper microfluidic chip based on patterned photonic nitrocellulose and the resolution of microchannels was down to 10 µm. [24] First, the substrate was patterned by printing wax on its surface. After blade coating suspension of monodisperse SiO 2 nanoparticles (NPs) on the substrate, the SiO 2 suspension was filled into the hollow channel and self-assembled into close-packed hexagonal photonic crystal. Then, NC solution was dropcast on the substrate and filled into the pores of the photonic crystal. After baking and etching the SiO 2 template, photonic NC with inverse-opal structure was obtained. The photonic NC could be also torn off from the substrate which led to the free-standing photonic NC.
Plasma Treatment
Plasma treatment represents a different way to create hydrophilic/hydrophobic interfaces on paper. Li et al. first used alkyl ketene dimer (AKD) to make the filter paper Patterning millimeter-sized channels in filter paper with photolithography for multiplexed bioassays. Reproduced with permission. [3] Copyright 2007, Wiley-VCH. A) The procedures of patterning microchannels in chromatography paper with photolithography. B) Characterization of photolithography fabricated paper microfluidic device. B(a)) Patterned paper absorbed red ink solution by capillary action to direct the sample into three separate test areas. B(b)-(d)) Multiplexed assay for glucose (left) and protein (right) on patterned paper by using a solution that contained 550 × 10 −3 m glucose and 75 × 10 −6 m bovine serum albumin (BSA) in an artificial urine solution (5 µL).
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hydrophobic and then applied hollow metal mask guided plasma to make the exposed area of interest to be hydrophilic, which would form hydrophilic flow path in hydrophobic filter paper (Figure 4) . [25] A paper-based microfluidic separator could also be made with this method and activated by pulling the paper strip.
3D Paper Microfluidic Devices
Paper microfluidic devices can be fabricated at single layer with aforementioned methods. These single-layered devices can also be stacked in prearranged sequence to form 3D µPADs, which enabled transporting fluids from a single inlet both Figure 2. Different printing methods for paper microfluidic devices fabrication. A-i) Photograph of a plotter pen used for printing PDMS in paper; A-ii) the multichannel paper device fabricated by PDMS printing; A-iii) Dispersion of 10 µL of red ink solution in the paper device. Reproduced with permission. [9] Copyright 2008, American Chemical Society. B) Schematic of the fabrication processes of the inkjet-printed microfluidic multianalyte chemical sensing paper microfluidic device, with three different sensing areas and a reference area connecting a central sample inlet area. Notably, steps 2 and 3 are performed with the same inkjet printing apparatus. Reproduced with permission. [10] Copyright 2008, American Chemical Society. C) Fabrication of paper-based microfluidics in NC membrane by wax printing, which included only printing and baking steps. Reproduced with permission.
[11a] Copyright 2010, American Chemical Society. D) Schematic of wax screening-printing technique. Reproduced with permission. [13] Copyright 2011, The Royal Society of Chemistry. E-i) Fluidic structures formed into paper by flexography printing 5 wt% polystyrene in xylene. E-ii) Images and enlarged view of paper microdevices, in which dashed boxes in (E(a)) and (E(c)) are enlarged in (E(b)) and (E(d)), respectively. Reproduced with permission. [14] Copyright 2010, American Chemical Society.
www.advancedsciencenews.com www.advhealthmat.de vertically and laterally to numerous detection zones within tens of seconds. [26] Each layer in a 3D µPAD can be fabricated with different paper substrates with their own unique properties to integrate different functionalities into one single hand-held device. [1,4b] Whitesides and co-workers developed a low-cost method for fabricating 3D µPADs by stacking the waterimpermeable double-sided adhesive tape with alternating layers of patterned paper together ( Figure 5) , in which the stacking process-paper, tape, paper, tape-was repeated to complete device fabrication. [27] Although stacking method was tedious, this work pioneered a new avenue toward 3D µPADs. [28] Noh and Phillips developed a fluidic timer based on 3D µPADs by stacking patterned paper and tapes alternatively as aforementioned with the wax printed paper. [29] Besides stacking method, Liu and Crooks developed 3D paper microfluidic devices using the principle of origami and the 3D device was assembled by simply folding the paper by hand (Figure 6 ). [30] Only one step is needed to finish the whole process from the overall design to origami. By unfolding the 3D µPAD, colorimetric and fluorescence assays on each layer can be detected respectively. [26] However, the patterned paper fabricated by lithographic process complicated the whole process. Sechi et al. created a 3D µPADs using basic principles of origami with wax printing rather than photolithography to simplify the fabrication processes. [26] Summary of the paper-based microfluidics fabrication techniques described in this section, including instrumentation, reagents, advantages, and disadvantages, is presented in Table 1 .
3D Cell Culture on Paper Microfluidics
Paper, embedded with multiscale(micro and nano) porous structures, can provide natural support to mimic cellular microenvironment both physically and mechanically. Its thickness, pore size, rigidness, chemical composition, and surface properties can be flexibly tailored. Besides, it is simple to use, costeffective, biocompatible, etc. Due to these advantages, paper has been incorporated into different microfluidic systems to engineer cell culture microenvironment for applications like cell differentiation, disease model construction, single cell analysis, etc. Reproduced with permission. [23] Copyright 2014, American Chemical Society.
Analysis of Cell Populations
Whitesides and co-workers pioneered cell culture/assays in 3D cellulose networks in paper microfluidics. [31] Multizone paper sheet was achieved by wax printing and cells suspended in Matrigel solution were then spotted onto these wax confined zones. Multilayer paper sheets with cultured cells were stacked onto each other [31a,d,32] or stacked on polymer-based mesh. [31b] Moreover, some functional components, such as electrochemistry cells, magnetic timing valves, etc., have been stacked onto paper-based microfluidics to achieve multiple immunoassays. [33] For example, Zang et al. demonstrated a 3D microfluidic paperbased electrochemical immunodevice based on wax printing and cellulose paper stacking technique ( Figure 7A ). [33a] As shown in Figure 7A , the 3D microdevice was comprised of two stacked layers of patterned square papers named Papers A and B. Sheet A was patterned with immunoarrays on its back and electrochemical cells were prepared on Sheet B. Those two papers were stacked back-to-back and applied for cancer marker detection, such as r-fetoprotein (AFP), carcinoma antigen 123 (CA125), carcinoma antigen 199 (CA199), and carcinoembryonic antigen (CEA). A new type of paper-based magnetic valves based on stacking method were proposed by Liu and co-workers, which achieved counting time and turning on or off fluidic flow accordingly, enabling timed fluid control in paper-based microfluidics. And they performed an enzyme-based colorimetric reaction commonly used for signal readout of enzyme-linked immunosorbent assay (ELISA), which requires a timed delivery of an enzyme substrate to the reaction zone ( Figure 7B ). [33b] Sapp and co-workers reported cancer cell invasion assay on the platform. [34] As shown in Figure 8 , a single layer of waxpatterned paper containing GFP-expressing A549-HFG-M cells suspended in hydrogel (lay 0) was positioned between paper sheets which contained hydrogel only. Then all layers of paper were stacked with a laser-cut transparency in an acrylic holder and fixed with screws and nuts. Each layer was cultured separately overnight and then stacked for another 24 h before being destacked and analyzed. After incubation, all layers were scanned separately by a fluorescent scanner. In another work, Deiss et al. conducted high-throughput testing on this platform.
[31d] Patterned papers with hydrophilic zones separated by hydrophobic barriers were stacked between a single-well dish and a 96-hole insert. In this scheme, the 3D cultures comprised of a stack of three layers of paper, with each hydrophilic zone containing mammalian cells that were exposed to medium with four formulations. After culture, the three layers were destacked and the cells in each layer could be analyzed using fluorescence scanner, microscope, or a plate reader ( Figure 9A ). Compared with physical isolation of cells from different regions of 3D construct for staining and biochemical characterization, the stacking method to build 3D cell constructs can facilitate isolation of live cells by peeling paper sheets apart in a simple and rapid fashion. [31a] However, due to the slow diffusion of high-molecular-weight reagents, such as antibodies, into the paper-based 3D constructs, biochemical analysis (e.g., immunostaining) is difficult to perform directly.
The stacking technique can also be utilized to build in vitro disease or physiological models, such as cardiac ischemia and calcific aortic valve ( Figure 9B ). [31d] In the cardiac ischemia model, the transport of oxygen and nutrients could be modulated in a Matrigel system to induce an ischemic environment. While in aortic valve model, the stacking technique was modified and valvular interstitial cells were cultured in thick collagen gels instead of Matrigel. The collagen gel enhanced the imaging and analyzing capabilities of this 3D filter paper system and this system was able to analyze fluorescence with immunofluorescent staining using both confocal microscope and gel scanner. Aortic valvular interstitial cells were cultured on 3D stacked paper layers and high survival was demonstrated up to 14 days. The biochemical analysis, such as smooth muscle α-actin expression, was performed on the paper device and the results indicated the stacking filter paper-based technique could be used as a viable culture system. [34] To promote cell adhesion, Teflon was used as solvent repelling barrier and a high-throughput synthesis of peptides was performed on paper device. [35] Peptide-modified paper device was used to investigate the adhesion or proliferation of cancer cells in 3D environment. In a long-term culture (up to 6 days), cells spread along the fibers and resumed cell division on some peptide-modified surfaces. Although Teflon is stable when exposed to organic solvents, organic bases, and strong acids, no publication has reported its stability when in contact with cell culture medium for longer time. More studies should be . Plasma treated microchannel formation in filter paper. A) Process illustration: filter paper was treated with AKD solution and the hydrophilic channel was fabricated via using a metal hollow mask. B) Performance demonstration: water was soaked into defined hydrophilic path in paper. Reproduced with permission. [25] Copyright 2008, American Chemical Society.
www.advancedsciencenews.com www.advhealthmat.de conducted to explore whether Teflon could be used as an alternative to wax in paper microfluidics for long-term 3D cell culture. Currently, most paper microfluidic devices are still not suitable for cell applications that require continuous perfusion. To solve this problem, some hybrid microfluidic chips were designed for drug screening [36] and cell communications. [37] For example, Hong et al. fabricated a sealed paper-based cell culture platform for drug screening. [36] The filter paper was first soaked into the photoresist and the hydrophilic microchannel was fabricated with photolithography. It was then sealed by two layers of PDMS film at the top and bottom. There were buffer inlets and cell culture array in the top PDMS fixer to allow continuous perfusion. Moreover, the sealed culture platform reduced the medium evaporation to ensure the viability of the cell when it comes to long-term cell culture. These attempts may provide solutions for extending cell-based applications that require continuous perfusion.
Analysis of Single Cells
Single cell analysis, which investigates the functional heterogeneity between cells, has been intensively performed recently. [38] However, most of the single cell analysis system is still based on 2D cell culture, which cannot represent the physiological complexities of an in vivo scenario and there is an urgent need to develop more physiologically relevant cell culture systems. To meet this need, Bai et al. developed a simple and robust method to incorporate 3D scaffolds, including paper (PVDF membrane) and paper replicated analog polydimethylsiloxane, into the single cell analysis system for multiplexed secretomic analysis (Figure 10 ). They applied this platform into the investigation of brain tumor U87 single cell protein secretion behavior on different substrates, which revealed single cell proteins secretion was regulated differently by 3D microenvironment, demonstrating the value of 3D physical conditions provided by paper substrate. [39] 
Cell Capture/Phenotyping on Paper Microfluidic Devices
Cellular capture/phenotyping is a process for identifying and analyzing cell subpopulations by antigens or biomarkers present on cells, which can be used for cancer diagnostics by differentiating the cancer cells from normal cells, such as leukemia and lymphoma. [40] Cellulose or surface-modified cellulose have been widely adopted as immobilization substrates for biomolecules (proteins, antibodies, aptamers, etc.) to capture cells, due to its low cost, inertness, stability, translucence, ease of surface modifications. [41] 
Immunoaffinity-Based Cell Capture and Cell Detection
An attractive merit of immunoaffinity detection is that varieties of different antibodies can be chosen based on the target molecules to ensure high selectivity and specificity. [42] And it has Adv. Healthcare Mater. 2019, 8, 1801084 Figure 5 . Fabrication of 3D paper microfluidic devices with layered paper and tape. Reproduced with permission. [27] Copyright 2008, National Academy of Sciences.
www.advancedsciencenews.com www.advhealthmat.de been used for capture of microorganisms and blood cells in paper microfluidics. The detection and quantification of bacteria are very important in various fields, such as environment monitoring, [43] disease diagnostics, [44] food safety, [45] biomedical research, [46] etc. Microorganism detection was mainly achieved by enzyme reaction for visual readout based on colorimetry. Substrate was predeposited onto the paper substrate and the enzyme reaction was initiated with the addition of samples containing target bacteria. Color change was observed visually by naked eyes or monitored by camera and processed by software to obtain semi-quantitative results. [43,44d,45,47] Li et al. used antibodies functionalized Au nanoparticles specifically bound to Pseudomonas aeruginosa and Staphylococcus aureus to form a complex. The complex moved to the test zone due to capillary force and captured by monoclonal antibody specific to bacteria. The accumulation of Au nanoparticles induced a red color development. A Gel Logic system was used to image and analyze the color intensity ( Figure 11A) . [48] Another example is the smartphone-enabled quantitative detection of Salmonella on a paper microfluidic device based on antibody-antigen interactions. Anti-Salmonella conjugated with sub-microparticles were preloaded onto the paper device. Dipping the paper device into Salmonella solutions led to immunoagglutinate. The antibodyconjugated particles were detected and the extent of immunoagglutination was quantified by a smartphone application to evaluate the digital images taken at an optimized angle and distance based on Mie scattering principle. The detection limit could reach single-cell-level and the total assay can be finished within 1 min. [49] Another important application of immunoaffinity-based cell capture and detection in paper microfluidics is blood typing, which is of great value for blood transfusion and transplantation medicine. The blood group is determined by the presence or absence of certain antigens on red blood cells (RBCs) through antibody-antigen interactions. Up to date, 328 different antigens on RBCs have been identified and classified into 30 different blood groups. Among them, the most important blood groups are ABO and RhD. [50] The identification of blood group on paper microfluidics is generally performed by loading blood onto a filter paper presoaked with antibodies against the antigens on RBC, which induces RBCs agglutination and formation of a plasma separation band. However, it is worth noting that upon the addition of blood samples, blood wicking occurs within seconds, decreasing the chance for antibody-antigen interactions. [50a] Researchers modified this method by trapping the agglutinated RBCs onto paper interfiber spaces, while nonagglutinated RBCs were eluted with 0.9% NaCl buffer. [50] Li et al. developed a simpler and more convenient blood typing method with a textreporting blood typing device. [51] It consisted of different text patterns, such as A, B, and X, which were hydrophilic and served as the reservoir for corresponding antibodies (e.g., Anti-A into text pattern A). In a blood typing assay, the blood sample was added to each text pattern following by saline elution to remove nonagglutinated RBCs. The agglutinated RBCs were fixed onto the fiber matrix and could not be washed out by the saline solution. The blood typing results can be visualized by naked eye and the operation is very simple and straightforward. This blood typing process is illustrated in Figure 11B . [51] Garnier and co-workers [50b,52] and Shen and co-workers [53] investigated different parameters systematically to optimize the performance of blood typing analysis on paper, such as paper structure, RBC separation efficiency and clarity, paper thickness and density, type of fiber, blood transport behaviors, blood wicking kinetics, etc. Eye visualization provides a simple and convenient detection method for blood typing. However, the visual color change can be affected by ambient light intensity, individual mood, and eye conditions, leading to inaccuracy. [54] Confocal microscopy, [54, 55] camera, [52] or smartphone [56] is used to capture images and images are analyzed by software, such as Matlab, [57] Image J, [58] or mobile app. [56] For example, Zhang et al. developed a paper-based platform by using immobilized antibodies and bromocresol green dye for rapid and reliable blood grouping, where dye-assisted color changes corresponding to distinct blood components provided a visual readout. [54] The blood grouping process was shown in Figure 12A . The ABO antigens could be detected within 30 s with visual readout system, which was developed for automated blood type identification by dye-based changes via spectroscopic measurement ( Figure 12B ). Figure 6 . Formation of 3D paper microfluidic devices based on the principles of origami, in which the entire device was fabricated on one sheet of paper in a single photolithographic step and assembled by simply folding the paper by hand. Reproduced with permission. [30] Copyright 2011, American Chemical Society.
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In addition to blood typing, some other blood assays have also been developed based on the differences in transport of blood components in paper. For example, the agglutination of RBCs separates plasma from whole blood and the plasma was transported to test zone for further analysis under the influence of capillary force. [59] After addition of Ca 2+ , the viscosity of blood changed with its coagulation ability. Therefore, the distance RBCs travelled on paper in a given time could correlate with blood coagulation time. With the red color of RBCs as a marker, paper device can be utilized to produce a simple and clear indicator whether the blood condition is within the appropriate range under the patient's condition. [60] 
Aptamer-Based Cell Capture and Detection
Similar to antibodies, the high binding affinity for targets makes aptamers ideal alternatives for cell capture. Aptamer is a class of nucleic acid ligands, selected from combinational libraries of synthetic nucleic acid by system evolution of ligands by exponential High-aspect-ratio microsturctures [49] Chemical resistance [82] High transparency Biocompatible High resolution pattern [83] Tedious process [8b] High cost Time consuming
Printing method
Polymer printing [9] Desktop plotter oven PDMS diluted 3:1(w/w) in hexanes Rapid prototyping Simple operation Low cost Flexible
Low resolution (down to ≈1 mm))
Inkjet printing [10] Piezodrive
Irregular boundary
Wax screening [13] Laser printer Screen-printing machine Hot plate enrichment with specific ligand-binding properties. [61] It is reported that aptamers conjugated with NPs result in more efficient targeted therapeutics or selective diagnostics than nonconjugated NPs.
[61b] Therefore, in paper microfluidics, aptamer conjugated with nanoparticles is a widely adopted strategy for cell detection. Early cancer detection is crucial for disease progression monitoring, management, and successful treatment. [4a,62] In early generation of paper microfluidics, strip sensor was integrated with nanoparticles (e.g., gold) and aptamers to capture and sense cancer cells. The sensitivity and limit of detection [63] are dependent on the external instrumentation, such as strip reader. For instance, without instrumentation, the strip sensor was able to detect a minimum of 4000 Ramos cells. While with the strip reader, the detection limit of this strip biosensor could reach down to 800 Ramos cells (Figure 13) . [64] Stacking-based 3D cell culture for invasion assay in oxygen gradients for long-term 3D cell culture in paper microfluidics. Reproduced with permission. [32] Copyright 2015, Elsevier Ltd. www.advancedsciencenews.com www.advhealthmat.de also adopted for detecting cancer cells in a wax-printed paper microfluidic system, [65] in which aptamers were used to capture cancer cell with specific affinity. Graphene oxide (GO)-based aptameric nanosensor integrated the exceptional quenching capability of GO with the high specificity and affinity of aptamer. To enhance the sensitivity and amplify the signal, various colored quantum dots (QDs) coated mesoporous silica nanoparticles could be absorbed on the surface of GO. Fluorescence was quenched via Förster resonance energy transfer and upon the addition of cancer cells, the fluorescence was recovered. With a single excitation light, three different cancer cells can be detected simultaneously. Su et al. reported the first microfluidic paper-based electrochemical cyto-device (µ-PECD) for cancer cell detection. [66] To enhance the sensitivity of this µ-PECD, Au-paper electrode with 3D incompact macroporous structure was modified with the HL-60 cell targeting aptamer, KH1C12 to increase the specificity for HL-60. The horseradish peroxidase labeled folic acid (HRP-FA) was chosen as the electrochemical bioprobe for cancer cell detection. Besides serving as the electrochemical bioprobe, HRP-FA could also amplify the electrochemical signal based on the HRP catalyzed oxidation of o-PD by H 2 O 2 .
Other Molecular Conjugation-Based Cell Capture and Detection
In addition to antibodies and aptamers, molecular conjugation has also been employed for cell capture in paper microfluidic devices. Concanavalin A-mannose and folic acid-folate receptor, either alone or synergized with aptamers, were the most widely used conjugation systems for cancer cell capture in paper microfluidics.
Yu and co-workers developed a paper microfluidics for detection of cancer cells based on electrochemistry. [67] Au@PdPt nanoparticles with peroxidase-like catalytic activity were conjugated with folic acid which could bind to K562 cells and the Au-paper electrode was used as working electrode. The device was sensitive with a detection limit of 31 cells mL −1 . The fabrication procedure and detection principle are shown in Figure 14A . Similarly, a microfluidic paper-based electrochemiluminescence (ECL) origami cyto-device was developed by wax printing. [68] Origami enabled multiple cancer cell detection by 3D macroporous Au paper electrode modified by specific aptamers and concanavalin-A conjugated porous AuPd alloy nanoparticles, due to the effective disproportionation of hydrogen peroxide and specific recognition of mannose on cell surface. Human breast adenocarcinoma cells (MCF-7), human acute promyelocytic leukemia cell (HL-60), human chronic myelogenous leukemia cells (K562), and human acute lymphoblastic leukemia cell (CCRF-CEM) were used as model cell lines and this device showed broad detection range and low detection limit, indicating its potential application for simple and multiplex cancer diagnosis. The fabrication and operation procedure of this device is shown in Figure 14B . Later on, the same group developed a paper microfluidics-based cyto-device for cancer cells detection and in situ screening of anticancer drugs. [69] Au@Pd nanoparticles growing on cellulose were used as electrode and the aptamer against MCF-7 cells was immobilized on the paper electrode. PtNi alloy particles, which were loaded with carbon dots to form PtNi@C-dot composite as ECL label, were conjugated with concanavalin A that could specifically recognize the mannose on the cancer cell surface. The detectable cell concentration Figure 11 . A) Antibody-based multiplex bacteria analysis for point-of-care testing. Reproduced with permission. [48] Copyright 2011, Elsevier Ltd. B) Immunoaffinity-based red blood cell capture for blood typing. Reproduced with permission. [51] Copyright 2012, American Chemical Society.
range of MCF-7 cells was from 4.8 × 10 2 to 2.0 × 10 7 cells mL −1 . The authors also performed cancer cell apoptosis assay induced by anticancer drugs on the device, which provided an effective tool for cancer cell monitoring and in situ drug screening. The cell capture techniques and applications on paper microfluidics were summarized in Table 2 , including capture techniques, capture label, cell types, applications, assay principles, and detection methods.
Cellular Biochemical Analysis

Small Molecules
Small molecules, serving as cellular messengers, can also be used as the indicators for cellular physiology which might provide useful therapeutic strategies for diseases. To the best of our knowledge, currently, in situ analysis of small molecules in paper-based microfluidic devices mainly focuses on H 2 O 2 and H 2 S, probably due to the long lifetime of H 2 O 2 and the high endogenous content of H 2 S. H 2 O 2 , a major reactive oxygen species in living systems, plays important roles in intracellular signaling, such as regulating DNA damage, protein synthesis, cell apoptosis, etc. [70] It is one of the major contributors to oxidative stress damage due to its long lifetime diffusion to other cellular compartments. [71] Therefore, sensitive and quantitative detection of H 2 O 2 released from cancer cells is of great value in elaborating the signaling mechanism and developing new strategies for cancer therapy. [70] In H 2 O 2 release monitoring, a paper working electrode, with carbon [72] or Pt [71, 73] growing on it, was modified by nanoparticles or quantum dots and the H 2 O 2 was electrocatalyzed by nanoparticles [72] or synergistically catalyzed by quantum dots and nanoparticles to generate detectable signals. [71] Apart from electrochemical detection, visual detection (or fluorescence) was also used to monitor H 2 O 2 release. Porous PdAu/GO conjugated with folic acid was loaded onto a paper microfluidic device with hollow channels and served as catalyst and fluorescent quencher via interaction with single strand DNA (ssDNA). Multilayer porous SiO 2 (MPSiO 2 ) was modified with graphene quantum dots (GQDs) and MPSiO 2 was conjugated with ssDNA. The synthesized MPSiO 2 -GQD-ssDNA was loaded onto the paper device and MCF-7 cells were cultured on this device. Under the stimulation of phorbol-12-myristate-13-acetate (PMA), H 2 O 2 was released from cells and catalyzed into hydroxyl radical which cleaved the ssDNA and the fluorescence was recovered under UV lamp. [70] The fabrication and detection procedure are illustrated in Figure 15A . H 2 S, another important intracellular signaling molecules, was also investigated in a 3D paper microfluidic device. [71] Au@Pt core-shell nanoparticles were grown on cellulose fibers and paper working electrode was used as carriers for GQDs and tumor cells. Simulated by vascular cell endothelial growth factor and at the presence of S 2 O 8 2− and Cu 2+ , the flux of H 2 S was visualized in a real-time manner.
Protein and Glycan
Glycan [4a,70] and protein antigens [74] on cell surface are of great interests in cancer research due to their significant roles in carcinoma metastasis and development of cancer therapeutics. [4a] Yan and co-workers conjugated concanavalin A with multibranched hybridization chain reaction (mHCR) for N-glycan sensing. The products of mHCR were modified with PtCu nanochains and graphene quantum dots, which served as peroxidase-like catalyst and fluorescence label, respectively. Besides catalytic function, PtCu nanochains also acted as colorimetric signal label and after cancer cells were captured by aptamers, preliminary detection of N-glycan was carried out by PtCu nanochains. If needed, further precise detection would be performed by graphene quantum dots. [70] In another study, aptamer-modified Au-paper electrode was used to capture cancer cells and then horseradish peroxidase-lectin as an electrochemical probe was adopted to sense molecular events occurred on the cell surface ( Figure 15B ). [4a] Figure 14. A. Folic acid-folate receptor-based cancer cell capture and detection. Reproduced with permission. [67] Copyright 2015, Elsevier Ltd. B) The schematic diagram of fabrication and operation procedure for the paper-based electro-chemiluminescence cyto-device. A paper cell electrode was modified by cellulose fiber and an Au nanoparticle layer was grown on the surface of the cellulose fiber. Then the device was immobilized with aptamers and blocked by BSA. After cells were captured, the AuPd@Con-A bioconjugates were bound on the cell surface. Reproduced with permission. [68] Copyright 2015, Elsevier Ltd. For cell surface protein detection in paper microfluidics, immunocapture was widely adopted and nanoparticles were used as signal amplifier, catalyst, or signal substance. Su et al. developed a novel device based on ECL detection method for antigen protein sensing. AuPd nanoparticles were functioned as signal amplifier and peroxidase-like catalyst while macroporous Au-working paper acted as cell capture vehicle. As ECL probes, CdTe QDs and luminol groups were linked with antibody for the recognition of protein antigens on cell surface ( Figure 15C ). [74a] In another report, Au nanoflower-modified paper was used for the immobilization of primary antibody to capture cancer cells and cells were recognized by ECL substance-labeled secondary antibody. [74b] 
Nuclear Acid
Nucleic acid testing, widely used in molecular diagnostics, holds promise for rapid target detection with great specificity 
Electrochemistry
Su et al. [66] Aptamer affinity; Molecular conjugation
Aptamers; Concanavalin A-mannose MCF-7; HL-60; K562; CCRF-CEM Cell detection AuPd alloy nanoparticels (NPs) labeled concanavalin A as bioprobe and catalyst for peroxydisulfate electrochemiluminescence system.
Electrochemiluminescence (ECL)
Wu et al. [68] Molecular conjugation Folic acid-folate receptor K562 Cell detection Au-paper as working electrode; Folic acid for cell capture; Au@ PtPdNPs as catalyzed the reduction of H 2 O 2 .
Electrochemistry Ge et al. [67] Aptamer affinity TDO5 aptamer; TE02 aptamer CCRF-CEM; Ramos Cell detection A pair of aptamers for capturing cells; Au NPs with unique optical properties.
Naked eye; colorimetry (strip reader) Liu et al. [64] Aptamer affinity Aptamers for MCF-7, HL-60, K562
MCF-7, HL-60, K562 Multiplex cell detection Aptamers for cell capture; the fluorescence quenching and recovering capability of graphene oxide as a "turn on" strategy; quantum dots as fluorescence label.
Fluorescence Liang et al. [65] Aptamer affinity; Molecular conjugation [44] Directly seeded on device -E. coli O157:H7, Salmonella Typhimurium, and L. monocytogenes
Food pathogen detection
Based on β-galactosidase, phosphatidylinositol-specific phospholipase C, esterase with 5-bromo-6-chloro-3-indolyl caprylate activity Colorimetry Jokerst et al. [45] Directly seeded on device -E. coli XL- and sensitivity over other conventional assays (e.g., viral isolation and immunological assays). [75] In addition, for some disease caused by viruses, transmission of viral agents can still occur during antibody-negative window period while nucleic acid testing can sensitively detect virus in this window period. [76] Govindarajan et al. developed a device made of origami for bacterial nucleic acid extraction, [44a,c] which consisted of a stack of paper sheets and different paper fluidic circuits in contact with new reagents were achieved by folding sequentially. Wet lysis buffer was loaded and dried on this device. Dried lysis buffer was rehydrated by nuclease-free water and E. coli sample was loaded into the device. After sequentially folding, the lysis of E. coli was performed to extract DNA. The fabrication procedure of this device is shown in Figure 15D .
Fronczek et al. developed another paper microfluidic device for extracting nucleic acid from bacteria and viruses, [77] in which a paper strip was composed of three different areas: sample loading area, elution area, and absorbent area. The sample loading area was dipped into sample solution and lysis buffer was added and incubated for 5 min. After that, elution buffer was added to sample loading area and nucleic acid was transported through elution area due to capillary force. Sample collection was achieved by cutting elution area into three parts.
Sinton and co-workers performed direct DNA analysis on paper enabled by ion concentration polarization (ICP). [78] Hepatitis B virus DNA was preconcentrated, separated, and detected within 10 min via a single operation. DNA integrity of sperm cells was evaluated using this ICP-enable paper, which revealed that the percentage of DNA fragmentation resulting from paper-based ICP device strongly correlated with the sperm chromatin structure assay that is consistent with clinical decision.
The summary of biochemical analysis on paper microfluidics for cells can be found in Table 3 , including analytes, cell types, detection methods, and assay principles.
Hybrid Paper Microfluidic Devices
Paper can also be integrated with some other materials like PDMS to form microfluidic device that combines the advantages of different materials. For example, PDMS substrate usually requires additional complicated chemical surface modifications for probe immobilization, and the introduction of paper substrate tailored with different functionalities inside PDMS microchannel provides a simple and efficient strategy for immobilization of various biomolecules without the need for tedious chemical surface modifications. Zuo et al. developed a PDMS/paper/glass hybrid microfluidic device with aptamer conjugated graphene oxide immobilized on paper, which utilized the fluorescence quenching and recovering property of graphene oxide as a "turn on" strategy to detect two infectious pathogens S. aureus and Salmonella enterica simultaneously. [79] Though stacking of paper sheets provides a simple platform for 3D culture, hydrogel removal is required for analysis of molecular expression of cells and this process might reduce the efficiency of RNA and protein extraction. [37] To solve this problem, a paper/PMMA hybrid 3D cell culture platform was developed to investigate the cellular crosstalk of hepatocytederived carcinoma cells, which was composed of a paper substrate with culture microreactors and a PMMA substrate with diffusion channels. [37] Different types of cells were seeded directly into the culture microreactors and the paper substrate was placed under the PMMA substrate with hydrogel-infused channels. With this device setting, secretions from cells could diffuse through the connecting paper channel and communicate with the neighboring cells.
A self-contained culture of phage and bacteria was enabled by a hybrid device made of paper sheets, packing tape, and PDMS membrane. [80] PDMS membrane was gas-permeable and water-impermeable and a thin sheet of paper sandwiched between two PDMS membranes could retain moisture for several hours. This device provides a platform for simple and quick assays. For example, when combined with commercial viability dye (e.g., PrestoBlue), it could be used to detect low copy number of E. coli and visualize microorganisms in environmental samples. When equipped with bacteria that carry inducible mCheery reporter, it could also be used to quantify the concentration of the inducer.
Conclusion and Perspective
Paper microfluidics has reshaped the paradigm of diagnostics greatly upon its introduction one decade ago. The advantages and characteristics of paper make it an ideal candidate for diagnostics and POCT is still the most achievable and predominant application. With the development of fabrication techniques (e.g., wax printing) to provide easily accessible devices, paper microfluidics has also been endowed with cell/tissue-related applications. Patterned barrier on paper device in 96-and 384-microzone format is an alternative to conventional multiwell plates [81] and modified cell culture array on paper can provide high-throughput screening platform for compounds or drugs, [31d] which demonstrate the potential of paper microfluidics in cell-based assays. The invention of stacking techniques of paper sheets simplifies 3D culture in paper microfluidics. However, limitations and challenges still exist in following directions:
(1) Standardization: Paper plates-based cell culture is still under investigation at lab scale. The properties of paper substrate, like chemical composition, physical characteristics etc., vary significantly from lab to lab. In order to make results comparable from different labs, standardization of paper plates for cell culture needs to be adopted.
were tethered to the captured cells to form a sandwiched structure and the ECL detection method was used to determine the content of the antigen protein of CEA and AFP. Reproduced with permission. (2) Modifications of paper substrate: Conventional cell culture plates (e.g., 96-well plate) surface is usually modified with plasma treatment to promote cell attachment. While in paper microfluidics, biological molecules, such as peptides or proteins, were used to coat the paper to promote cell adhesion, proliferation, and differentiation. However, an easier and unified modification method is needed to be explored. Liang et al. [70] H 2 S MCF-7 Aptamer ECL Au NPs-paper as working electrode; GQDs as ECL sensor probes; H 2 S competitively bound to Cu 2+ from Cu 2+ -GQDs and reinstated the transfer of electrons to ECL-on state, leading to sensitive recording of H 2 S level in extracellular environment.
Li et al. [73] Protein antigens CEA, AFP MCF-7 Antibody ECL Au-paper as working electrode and AuPd NPs as signal amplifier and catalyst for H 2 O 2 ; antibody for cell capture; CdTe QDs and luminol groups as ECL probes.
Su et al.
[74a]
Protein antigens CA153 MCF-7 Antibody ECL Au-paper as working electrode; Antibody for cell capture; Au nanocage loaded with GQDs as ECL signal substance.
Liu et al.
[74b]
N-glycan MCF-7 Aptamer, concanavalin A Colorimetry, fluorescence Au-Ag-paper for immobilizing aptamers; Concanavalin A-integrating multibranched hybridization chain reaction (mHCR); Product of mHCR modified by PtCu nanochains (colorimetric signal label) and graphene quantum dots (fluorescence signal label).
Liang et al. [70] Glycan K562 Aptamer Electrochemistry Aptamer-modified Au-paper electrode as working electrode and for cell capture; horseradish peroxidaselectin as electrochemical probe.
Su et al. [66] DNA Human sperm cell -Fluorescence Ion concentration polarization Gong et al. [84] Nucleic acids extraction S. Typhimurium, influenza A/H1NI -PCR Cell lysis on paper microfluidics. Fronczek et al. [77] DNA extraction E. coli -PCR Reagents in different zones of paper microfluidic device; by sequential folding, cell lysis was activated.
Govindarajan et al. paper can make the whole device miniaturized and allows the monitoring of biomolecules or physiological processes in a real-time manner.
